Key Points {#FPar1}
==========

Aprutumab ixadotin (BAY 1187982) is a novel conjugate of an anti-fibroblast growth factor receptor (FGFR) 2 antibody linked to an innovative auristatin W derivative toxophore. This is the first time this novel payload has been used in a clinical setting and the first time an antibody--drug conjugate has been used to target FGFR2.Toxicities were observed at doses lower than the predicted therapeutic dose and were unexpected based on the preclinical findings. The cause of these toxicities is not yet known but may be attributed to the unique combination of an auristatin W derivative payload with an FGFR2-targeting antibody.These findings highlight the need for improved preclinical models that more accurately predict the effects of novel compounds in humans, which may increase the efficiency of clinical development.

Introduction {#Sec1}
============

Fibroblast growth factor receptor (FGFR) 2 is a transmembrane receptor tyrosine kinase with a key role in tissue repair and embryonic development \[[@CR1], [@CR2]\]. Aberrations leading to constitutive activation or overexpression of FGFR2, including gene amplification, gene fusions, and single nucleotide polymorphisms, have been identified in many cancer types, including triple-negative breast cancer, pancreatic, esophageal, hepatocellular, colorectal, ovarian, gastric, non-small-cell lung cancer (NSCLC), and glioma \[[@CR3]--[@CR16]\]. Furthermore, FGFR2 overexpression has been associated with poor survival in patients with gastric cancer \[[@CR7]\]. Although treatments are available for gastric and other cancers overexpressing FGFR2, the generally poor prognosis for patients with these tumors suggests that a high unmet medical need remains \[[@CR3]--[@CR16]\]. In contrast to typically high expression levels in tumors, FGFR2 is generally expressed at low levels in normal tissue, making it an attractive antigen for development of a targeted anticancer therapy \[[@CR8], [@CR17]\].

Antibody--drug conjugates (ADCs) comprise a cytotoxic payload conjugated by a linker to a monoclonal antibody directed against an antigen that is selectively expressed on the surface of tumor cells \[[@CR18], [@CR19]\]. This selectivity allows ADCs to be directed at tumor cells, limiting systemic exposure and off-target toxicity \[[@CR20], [@CR21]\]. Binding of the antibody to its target antigen triggers internalization of the ADC, after which the linker molecule is cleaved, or the antibody moiety is degraded in the lysosome (non-cleavable linker). Cleavage or degradation of the linker molecule releases the payload metabolite within the cell, resulting in cytotoxic effects \[[@CR20], [@CR21]\]. The ADCs brentuximab vedotin, gemtuzumab ozogamicin, inotuzumab ozogamicin, and trastuzumab emtansine have been approved based on their efficacy in late-stage clinical trials \[[@CR22]--[@CR25]\]. In addition, several ADCs are currently being investigated in clinical trials in a wide range of tumor types \[[@CR26], [@CR27]\]. However, ADCs targeting FGFR2 have not yet been described in any tumor type.

Aprutumab ixadotin (BAY 1187982) is a novel ADC comprising a fully human anti-FGFR2 monoclonal antibody (BAY 1179470) conjugated by lysine side chains to a non-cleavable linker and via this an innovative auristatin W derivative \[[@CR28]\]. This novel auristatin W derivative is a highly potent microtubule-disrupting agent used for the first time in aprutumab ixadotin \[[@CR28]\]. Lysosomal degradation of the antibody moiety releases the non-cell-permeable payload metabolite that cannot cross cell membranes due to the presence of a charged group, as previously described \[[@CR28]\]. Results from in vitro studies indicated that aprutumab ixadotin has low nanomolar potency and suggested that high FGFR2 expression correlates with internalization and cytotoxic effects \[[@CR28]\]. In mice, pharmacokinetic studies of aprutumab ixadotin showed that concentrations of the cytotoxic payload metabolite are enriched by more than 30-fold in FGFR2-positive tumors compared with healthy tissue \[[@CR28]\]. Furthermore, aprutumab ixadotin treatment resulted in dose-dependent tumor regression in patient-derived xenograft (PDX) models of FGFR2-positive gastric cancer and triple-negative breast cancer, including reductions in tumor volume equivalent to partial and complete responses \[[@CR28]\]. Results from PDX studies also indicated that FGFR2 amplification or overexpression was predictive of high antitumor activity in vivo \[[@CR28]\]. In these preclinical studies, no evidence was found to suggest that aprutumab ixadotin would exert a bystander effect \[[@CR28]\]. Furthermore, findings from preclinical studies have also indicated that aprutumab ixadotin was stable in the circulatory system \[[@CR28]\].

Based on these promising preclinical data, an open-label, non-randomized, first-in-human phase I dose-escalation study of aprutumab ixadotin was conducted in adult patients with advanced, refractory solid tumor indications reported to express FGFR2. Aprutumab ixadotin is the first ADC to target FGFR2 in the treatment of advanced tumors and is also the first ADC to include this novel auristatin W derivative payload. The primary objectives of this study were to determine the safety, tolerability, and maximum tolerated dose (MTD) of aprutumab ixadotin.

Materials and Methods {#Sec2}
=====================

Patients {#Sec3}
--------

Patients aged 18 years or older with advanced solid tumors from cancer indications known to be FGFR2-positive, which were refractory to any standard therapy or had no standard therapy available, were eligible for enrollment. Patients were required to have measurable disease, Eastern Cooperative Oncology Group performance status (ECOG PS) of 0--1, an expected lifespan of at least 12 weeks, and a formalin-fixed paraffin-embedded (FFPE) tumor tissue sample from either archival tissues or fresh biopsy for intended retrospective FGFR2 expression analyses. Patients were excluded if they had a history of allergic reactions to monoclonal antibody therapy, anticancer chemotherapy, immunotherapy, or experimental cancer therapy (including clinical trials) within 3 weeks prior to the first dose of study drug. Full eligibility criteria are reported in the Electronic Supplementary Material Appendix.

Objectives {#Sec4}
----------

The primary objectives were to determine the safety, tolerability, and MTD of aprutumab ixadotin. Secondary objectives included evaluation of pharmacokinetics, pharmacodynamics, immunogenicity, and tumor response.

Study Design {#Sec5}
------------

This was a phase I, open-label, first-in-human, non-randomized, multicenter trial. The trial was planned to include two phases, the first being a dose-escalation phase to determine the MTD of aprutumab ixadotin, and the second an expansion phase to further evaluate safety, pharmacokinetics, and clinical activity at the MTD.

Aprutumab ixadotin was administered as an intravenous infusion over 1 h on day 1 of every 21-day cycle, with the first infusion given on cycle 1, day 1. Treatment continued until evidence of disease progression, unacceptable toxicity, withdrawal of consent, or patient withdrawal from the trial. The aprutumab ixadotin dose could be reduced or delayed to manage dose-limiting toxicities (DLTs) or adverse events (AEs). Treatment was stopped if more than two dose reductions were required.

Dose escalation and MTD determination were conducted using a previously described adaptive dose-escalation trial design \[[@CR29]\]. The MTD was defined as the maximum dose at which the incidence of DLTs during cycle 1 was below 20%, or the maximum dose administered, whichever was achieved first during dose escalation. DLTs were defined as any of the following AEs occurring during cycle 1 and considered related to study drug: grade 4 absolute neutrophil count decrease for ≥ 7 days; grade ≥ 3 febrile neutropenia; grade 4 thrombocytopenia for \> 1 day; grade 4 anemia or anemia requiring blood transfusion; grade ≥ 3 hemorrhage; grade ≥ 3 thrombotic event; any other non-hematological toxicity considered to be drug-related, excluding grade ≥ 3 nausea and vomiting controllable by anti-emetics within 3 days; grade 3 fatigue lasting ≤ 72 h; isolated change in laboratory biochemical values; and grade 3 infusion-related reactions resolving within 6 h and controlled by medical management.

Figure [1](#Fig1){ref-type="fig"} shows the patient disposition of the dose-escalation cohorts. Five dose-escalation cohorts of at least three patients were enrolled (where multiple sites conducted the dose escalation, there was an option to enroll four patients). The first four patients of each cohort were enrolled with a safety interval of at least 48 h between drug administrations on cycle 1, day 1. The starting dose was 0.1 mg/kg body weight, with doses increased in two-fold increments up to 0.8 mg/kg, after which the dose was escalated in 0.5 mg/kg increments. All participants in a dose-level cohort must have received one complete infusion of study drug and have safety data available for cycle 1, or had discontinued early, before the next cohort was initiated. Modeling of DLTs was carried out after at least one DLT was reported or grade ≥ 2 drug-related AE (except asymptomatic changes in biochemistry laboratory values) was reported in two different patients in the first 21 days of treatment in cycle 1. The five dose-escalation cohorts enrolled were 0.1, 0.2, 0.4, 0.8, and 1.3 mg/kg.Fig. 1Patient disposition and analysis population

Safety Assessments {#Sec6}
------------------

Patients were assessed for safety on days 1, 2, 3, 5, 8, 15, and 21 of cycles 1 and 3, and days 1, 8, 15, and 21 of cycle 2, cycle 4, and subsequent cycles. End-of-treatment visits were also conducted at the time of study drug discontinuation or 14 days after last treatment, with an end-of-study visit or phone call taking place 30 days after the last treatment with study drug. Patients had ophthalmic evaluation prior to initiation of study drug and on day 15 of each cycle. AEs were reported using the National Cancer Institute Common Terminology Criteria for AEs (NCI-CTCAE) version 4.03. The study protocol was amended to include dose modification as well as remedial treatment guidelines for corneal toxicity.

Pharmacokinetics {#Sec7}
----------------

Serial blood samples for pharmacokinetic characterization of aprutumab ixadotin (total drug), total antibody, and toxophore metabolite BAY 1159184 were collected during cycles 1 and 3 at the following timepoints: pre-dose, 0.5, 1 (end-of-infusion sample), 1.5, 2, 3, 5, 8, 24, 48, 96, 168, 336, and 504 h after the start of infusion, with the 504-h sample being collected before the start of cycles 2 and 4, respectively. Plasma concentrations were determined by enzyme immunoassay (EIA) for aprutumab ixadotin and total antibody and by liquid chromatography--tandem mass spectrometry (LC--MS/MS) for the toxophore metabolite BAY 1159184. If a patient discontinued study after cycle 3, day 21, the 504-h blood sample was collected on cycle 3, day 21. Starting with cycle 5, day 1, samples were collected before infusion with aprutumab ixadotin and at the end of infusion, in every second cycle. Tumor tissue samples were planned to be analyzed for FGFR2 overexpression; however, this was not conducted.

Tumor Response Assessment {#Sec8}
-------------------------

Tumors were evaluated using computed tomography or magnetic resonance imaging; response was assessed using Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1.

Results {#Sec9}
=======

Patient Characteristics {#Sec10}
-----------------------

Twenty patients were enrolled at three sites in the USA and one site in Korea, and treated with aprutumab ixadotin. The median age was 52 years (range 24--76 years) and 55% were female (*n* = 11). The four most common tumor types were colorectal cancer (*n* = 5; 25%), cholangiocarcinoma (*n *= 4; 20%), gastric cancer (*n* = 2; 10%), and hepatocellular carcinoma (*n *= 2; 10%). Most patients had an ECOG PS of 1 (*n *= 14; 70%). The median number of prior systemic therapies was eight (range 1--23). Four patients had FGFR2 amplification according to institution-led DNA copy number analysis. Patient demographics and characteristics are described in Table [1](#Tab1){ref-type="table"}.Table 1Patient demographics and characteristicsCharacteristicTotal population^a^ (*N*= 20)Age (years) Median (range)52 (24--76)Sex \[*n* (%)\] Male9 (45) Female11 (55)ECOG PS \[*n* (%)\] 06 (30) 114 (70)Median number of prior systemic therapies (range)8 (1--23)Body mass index^b^ (kg/m^2^) Mean (SD)25.3 ± 4.5 Median (range)23.5 (20.1--35.4)Tumor type \[*n* (%)\] Breast cancer1 (5) Cholangiocarcinoma4 (20) Colorectal cancer5 (25) Esophageal cancer1 (5) Gastric cancer2 (10) Gastrointestinal stromal tumor1 (5) Hepatocellular cancer2 (10) Pancreatic adenocarcinoma1 (5) Parotid gland adenoid cystic carcinoma1 (5) Mouth floor cancer1 (5) Tongue base adenoid cystic carcinoma1 (5)*ECOG PS* Eastern Cooperative Oncology Group performance status, *SD* standard deviation^a^The total population includes all patients enrolled in the dose-escalation cohorts; patients with brain metastases were excluded^b^*N* = 19 patients

Dose Escalation {#Sec11}
---------------

All patients enrolled were assigned to one of five dose-escalation cohorts (0.1 mg/kg \[*n *= 4\], 0.2 mg/kg \[*n *= 3\], 0.4 mg/kg \[*n *= 4\], 0.8 mg/kg \[*n *= 4\], or 1.3 mg/kg \[*n *= 5\]) and completed the study. Fifteen patients discontinued treatment due to progressive disease (75%) and five discontinued due to AEs (25%). The longest treatment duration observed was 13 cycles, which included one dose reduction from 0.8 to 0.4 mg/kg after the first cycle due to grade 4 thrombocytopenia and one dose interruption between cycles 10 and 11 due to reactivation of hepatitis B that was controlled.

Patients in the lower dose cohorts of 0.1, 0.2, and 0.4 mg/kg did not experience any DLTs. DLTs were observed in one patient in the 0.8 mg/kg group and three of five patients in the 1.3 mg/kg group. The patient in the 0.8 mg/kg group had grade 4 thrombocytopenia; of the three patients in the 1.3 mg/kg group, one patient had grade 3 proteinuria, one patient had grade 3 proteinuria and grade 4 thrombocytopenia, and a third patient had grade 3 corneal epithelial microcysts and grade 2 blurred vision.

After three of five patients in the 1.3 mg/kg group and one patient in the 0.8 mg/kg group experienced DLTs, it was decided that new patients should only be enrolled at a starting dose of 0.2 mg/kg or lower due to the high degree of uncertainty regarding the time course and degree of reversibility of these toxicities. Since two of the patients in the 1.3 mg/kg group experienced grade 3 proteinuria, dose levels of 0.4 and 0.8 mg/kg were not considered safe due to lack of quantitative data for protein in urine and limited exposure as the majority of patients discontinued; therefore, a dose of 0.2 mg/kg was determined to be the MTD. At 0.2 mg/kg, the efficacy profile of the drug did not favor further development; therefore, the study was discontinued by the sponsor and the dose-expansion phase was not carried out.

Safety {#Sec12}
------

All patients had at least one treatment-emergent AE (TEAE) of any grade (100%), with at least one grade ≥ 3 TEAE reported in 15 patients (75%; Table [2](#Tab2){ref-type="table"}). Grade 3 TEAEs occurred in 13 patients (65%), and grade 4 TEAEs in two patients (10%). The most common grade 3 TEAEs were thrombocytopenia, increased aspartate transaminase (AST), increased blood alkaline phosphatase (ALP) levels, proteinuria, and anemia. The only grade 4 TEAE was thrombocytopenia in two patients (10%); no grade 5 TEAEs were reported.Table 2Summary of adverse eventsAEsAprutumab ixadotin (*N*= 20)All grades \[*n* (%)\]Grade ≥ 3 \[*n* (%)\]Any TEAE20 (100)15 (75) Any drug-related TEAE17 (85)9 (45)Any serious TEAE8 (40) Any drug-related serious TEAE5 (25)TEAEs occurring in ≥ 10% of patients in the overall population^a^ AST increased12 (60)3 (15) Thrombocytopenia10 (50)5 (25) Anemia6 (30)2 (10) Fatigue6 (30)0 Nausea5 (25)0 Pyrexia5 (25)0 ALT increased5 (25)1 (5) Blood ALP increased5 (25)3 (15) Decreased appetite5 (25)1 (5) Corneal deposits4 (20)0 Abdominal pain4 (20)0 Corneal epithelial microcysts3 (15)1 (5) Dyspepsia3 (15)0 Vomiting3 (15)1 (5) Urinary tract infections3 (15)1 (5) Hypoalbuminemia3 (15)0 Cough3 (15)0 Abdominal distension2 (10)0 Ascites2 (10)1 (5) Blood cholesterol increased2 (10)0 Blood creatinine increased2 (10)0 Blood fibrinogen increased2 (10)0 BNP increased2 (10)0 Fibrin [d]{.smallcaps}-dimer increased2 (10)0 Lipase increased2 (10)0 WBC count decreased2 (10)0 Dehydration2 (10)1 (5) Hypercalcemia2 (10)0 Proteinuria2 (10)2 (10) Epistaxis2 (10)0 Productive cough2 (10)0*AE* adverse event, *ALP* alkaline phosphatase, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BNP* brain natriuretic peptide, *TEAE* treatment-emergent adverse event, *WBC* white blood cell^a^Data are sorted by the incidence of TEAEs in the overall escalation group

TEAEs determined to be drug-related were reported by 17 patients (85%), and nine patients (45%) reported grade ≥ 3 drug-related TEAEs. The most common of these were thrombocytopenia (15%), anemia (10%), increased AST (10%), and proteinuria (10%). Other grade 3 drug-related TEAEs were hypertension, increased alanine aminotransferase (ALT), decreased blood albumin, increased blood ALP levels, dehydration, decreased neutrophil count, and corneal epithelial microcysts, which occurred in one patient each (5%). Grade 4 drug-related thrombocytopenia was reported in two patients (10%).

Treatment-emergent serious AEs (SAEs) were reported in eight patients (40%), the most common being anorexia, thrombocytopenia, and proteinuria, each reported in two patients (10%). Drug-related SAEs were proteinuria and thrombocytopenia, both reported in two patients (10%), and anorexia and nausea in one patient each (5%).

One death due to colorectal cancer disease progression was reported during follow-up, after discontinuation of aprutumab ixadotin. The patient experienced two occurrences of grade 3 ascites that were considered to be unrelated to the study drug.

Five patients discontinued treatment due to one or more TEAEs (proteinuria, thrombocytopenia, dehydration, anemia, fatigue, worsening chronic renal disease, corneal epithelial microcysts, and blurred vision). Three patients had treatment interruptions due to TEAEs (proteinuria, gastroparesis, corneal epithelial microcysts, and blurred vision). Two patients had dose reductions due to thrombocytopenia.

Key Safety Observations {#Sec13}
-----------------------

Proteinuria or nephrotic syndrome was reported in two of five patients after the cycle 1 at the 1.3 mg/kg dose level, with a time to onset of approximately 20 days. Proteinuria worsened in consecutive cycles, and both patients developed nephrotic syndrome. Both patients also showed abnormally high fibrinogen and D-dimer concentrations, while serum blood urea nitrogen-to-creatinine ratios were normal. Following these findings at the 1.3 mg/kg dose level, dipstick values from previous cohorts at the 0.1, 0.2, 0.4, and 0.8 mg/kg dose levels (where available) were retrospectively reviewed and plotted to analyze intensity and kinetics. Based on these dipstick test results, proteinuria was also observed in three of four patients at the 0.8 mg/kg dose level and in all four patients at the 0.4 mg/kg dose level. However, discontinuation of patients in cycle 2 due to early tumor progression precluded further characterization of the observed proteinuria. Due to the lack of quantitative values, the course and clinical relevance of proteinuria in these patients could not be interpreted. Additionally, the limited drug exposure and insufficient observation period in these patients precluded assessment of the nephrotoxic potential of aprutumab ixadotin at dose ranges of 0.4--0.8 mg/kg. Therefore, the 0.2 mg/kg dose level was regarded as non-nephrotoxic based on available data from three patients at the 0.2 mg/kg dose level. No signs of hematuria were observed using a dipstick test. Signs of recovery were observed 20 days after discontinuation of the study drug.

Ocular events occurred in eight patients (40%) across all dose groups, and included corneal epithelial microcysts, blurred vision, corneal deposits, retinal hemorrhage, and ocular discomfort. The ocular events manifested within the first two cycles and did not typically result in dosage changes, except in one patient for whom treatment was discontinued due to dose-limiting grade 3 corneal epithelial microcysts and grade 1 blurred vision. Ocular events considered to be drug-related included corneal deposits in four patients (deposits of lipids or calcium that build up on the cornea in layers resulting in blurred vision; 20%), corneal epithelial microcysts in three patients (incompletely formed cells in the epithelia that can cause vision hazing; 15%), and blurred vision in one patient (5%). These drug-related events were reported in two patients (50%) in the 0.8 mg/kg group (time to onset: 36 days) and in all five patients in the 1.3 mg/kg group (time to onset: 6--22 days). Remedial treatment for ocular events consisted of carmellose ophthalmic drops in concert with polyacrylic acid, difluprednate, or fluorometholone drops. Ocular symptoms had fully resolved for one patient, appeared to be improving in two patients, and showed no further worsening in three patients at the time of last study visit.

A transient decrease in platelet count was observed in one patient at the 0.1 mg/kg dose level during cycle 1. Thrombocytopenia was subsequently observed in all patients at the 0.4, 0.8, and 1.3 mg/kg dose levels. Thrombocytopenia was reported as a DLT in one patient each at both the 0.8 and 1.3 mg/kg dose levels. The time to onset and time to recovery of thrombocytopenia was consistent in consecutive cycles at all dose levels.

Increased serum transaminase levels were detected in cycle 1 at the 0.2 mg/kg dose level. The intensity and frequency of abnormally high transaminase levels tended to increase with the dose of aprutumab ixadotin. The highest levels were observed in one patient in each of the 0.8 and 1.3 mg/kg cohorts, with levels that were five times higher than the upper limit of normal. Elevated transaminase levels typically resolved within the same treatment cycle.

Pharmacokinetics {#Sec14}
----------------

Initial pharmacokinetic analyses of 18 patients showed that the pharmacokinetic profile of the toxophore metabolite BAY 1159184 appeared approximately dose-proportional at doses from 0.4 to 1.3 mg/kg (Fig. [2](#Fig2){ref-type="fig"}). Dose-proportional increases in exposure to aprutumab ixadotin (total drug) at doses of 0.1--1.3 mg/kg were also observed (Fig. [2](#Fig2){ref-type="fig"}). The pharmacokinetic profiles of total antibody and FGFR2-ADC (aprutumab ixadotin, i.e., total drug) were similar, which may indicate that aprutumab ixadotin would be stable in plasma.Fig. 2Geometric mean plasma concentrations of **a** aprutumab ixadotin, **b** total antibody, and **c** toxophore metabolite (BAY 1159184) during cycle 1 for the 0.1 (*n* = 4), 0.2, 0.4 (*n* = 3), 0.8 (*n* = 4), and 1.3 (*n* = 5) mg/kg dose cohorts. Data for the toxophore metabolite (BAY 1159184) are only available for the 0.4, 0.8, and 1.3 mg/kg dose cohorts. \*Data are presented individually in the 0.2 mg/kg dose cohort due to the low number of patients with available pharmacokinetic data (*n* = 2)

Tumor Response {#Sec15}
--------------

Stable disease was observed in one patient with tongue base adenoid cystic carcinoma assigned to the 0.8 mg/kg group whose dose was reduced after cycle 1--0.4 mg/kg (Fig. [3](#Fig3){ref-type="fig"}). Disease progression occurred in this patient during cycle 13. No partial or complete responses were observed in any patients.Fig. 3Treatment duration in patients treated with aprutumab ixadotin. Dose reductions are indicated with a black arrow; dose reduction occurred **a** on day 22 from 0.8 to 0.4 mg/kg and **b** on day 23 from 1.3 to 0.8 mg/kg

Discussion {#Sec16}
==========

FGFR2 has been identified as a promising drug target because it is overexpressed in various tumor types \[[@CR7]--[@CR9], [@CR11]\]. This phase I trial was initiated to investigate the safety of the anti-FGFR2 ADC aprutumab ixadotin (BAY 1187982), following positive in vitro and in vivo data \[[@CR28]\], and to determine the MTD for subsequent dose-expansion cohorts. This study represented the first time an ADC had been used to target FGFR2 in the treatment of advanced tumors. Despite promising results in preclinical studies, safety data collected during this trial suggested that in a heavily pretreated population of patients with advanced solid tumors, aprutumab ixadotin was poorly tolerated with a MTD of 0.2 mg/kg every 3 weeks The activity of aprutumab ixadotin has been evaluated in a range of preclinical models, including assessment of antitumor activity and pharmacokinetics in mouse xenograft tumor models \[[@CR28]\]. The pharmacokinetics of aprutumab ixadotin were also assessed in cynomolgus monkeys after single and repeat dosing, and a rat model was used to assess the toxophore-linker metabolite \[[@CR30]\]. Results from preclinical mouse xenograft studies and pharmacokinetic modeling predicated that the minimum doses required for stable disease, partial response, and complete response were 0.4, 0.5, and 1.2 mg/kg, respectively \[[@CR31]\]. As the MTD of aprutumab ixadotin in this trial was below the predicted minimum therapeutic dose established during PDX studies, the sponsor discontinued the trial after enrollment and treatment of 20 patients \[[@CR31]\].

In non-clinical safety studies in cynomolgus monkey models, aprutumab ixadotin treatment led to increased ALT and AST levels; extrapolation of these data to humans led to an estimated highest non-severely toxic dose of aprutumab ixadotin of 1.48 mg/kg when administered every 3 weeks, as was applied in this trial. The predicted therapeutic index in humans was approximately 3.5, calculated using the highest non-severely toxic dose and the dose required to achieve stable disease \[[@CR31]\]. These data supported the decision to further investigate aprutumab ixadotin in a first-in-human phase I trial.

The N-terminal epitope of FGFR2 is conserved between humans, monkeys, rats, and mice. The antibody moiety of aprutumab ixadotin binds to recombinant FGFR2 protein with a similar EC~50~ (half-maximal effective concentration) across these species, making any of them relevant for toxicity testing. Toxicity studies in rats and cynomolgus monkeys revealed effects typical of ADC-mediated toxicity related to toxophore activity. This was observed in the form of morphological degeneration/regeneration and inflammation in lung, liver, kidneys, cornea, and the lympho-hematopoietic system at sufficient multiples of exposure compared with the expected human efficacious exposure to suggest an acceptable therapeutic index; most effects were reversible and no functional organ toxicity was detected. Data from cynomolgus monkeys showed that aprutumab ixadotin had a small effect on blood clot formation in the form of a small and transient decrease in platelets that was restricted to the first treatment cycle; additionally, increases in thrombin time and [d]{.smallcaps}-dimer levels were observed. These effects were fully reversible. Similar effects on blood clot formation were induced by an isotype control ADC with an identical toxophore payload. No adverse effects were observed after administration of the payload metabolite alone, including in the coagulation system, indicating that the combination of the payload-linker metabolite and an antibody moiety may be the causative factor for the coagulation effects. To our knowledge, similar coagulation effects have not been seen in clinical trials of other ADCs or toxophores \[[@CR32]--[@CR35]\].

The most common TEAEs that occurred in patients treated with aprutumab ixadotin in this phase I trial included thrombocytopenia and increased levels of AST, which occurred in 50% and 60% of patients, respectively, with a further eight TEAEs occurring in 25% or more of patients across all dose cohorts. The safety data indicate the following undesirable effects of aprutumab ixadotin: proteinuria/nephrotic syndrome; thrombocytopenia; increased serum ALT and AST levels; and corneal epithelial microcysts. Patients treated with aprutumab ixadotin in this study were heavily pretreated, with a median number of prior therapies of eight (range 1--23), which may have contributed to the observed poor tolerance.

Patients in the 1.3 mg/kg dose cohort had [d]{.smallcaps}-dimer levels notably higher in the second cycle than during the first cycle of treatment with aprutumab ixadotin. [d]{.smallcaps}-Dimer elevation is thought to be caused by kidney damage leading to nephrotic syndrome \[[@CR36]\]; during the second cycle it was concluded that kidney recovery did not seem to balance the kidney damage. Furthermore, patients with nephrotic syndrome have a significantly higher risk of thrombotic events and renal failure \[[@CR37]\]. Proteinuria and nephrotic syndrome may be considered as toxicities specifically associated with aprutumab ixadotin treatment, as similar toxicities have not been previously reported in clinical trials of other ADCs that carry a range of payloads \[[@CR38]--[@CR41]\]. AEs reported for pan-FGFR inhibitors and FGFR1--3 specific inhibitors include hyperphosphatemia, stomatitis, mucosal dryness, nail changes with onycholysis, hair modifications, and ocular disorders (dry eye and keratitis); asymptomatic retinal pigment epithelial detachment has also been described for the FGFR1--3 inhibitor BGJ398. Thus, while dry eye and corneal toxicity has been reported with FGFR inhibitors, kidney toxicity has not been previously observed \[[@CR42]--[@CR46]\]. The similar temporal pattern of the course of proteinuria in patients in this trial and the lack of alternative explanation for this abnormality support the causal relationship between observed proteinuria/nephrotic syndrome and aprutumab ixadotin, although this association was not seen in non-clinical safety studies conducted in rats and cynomolgus monkeys.

Ocular toxicities seem to be a class effect of ADCs with microtubule-disrupting payloads, with corneal epitheliopathy reported during treatment with both maytansinoid (DM4 payload metabolite) and auristatin-containing (monomethylauristatin F payload metabolite) ADCs \[[@CR39]--[@CR41], [@CR47], [@CR48]\]. As observed in the current study, corneal epitheliopathy typically resolves with supportive care and treatment interruption or discontinuation.

Although efficacy was not formally evaluated during the trial, one patient with tongue base adenoid cystic carcinoma had a best response of stable disease and remained on treatment until disease progression during cycle 14. This patient was enrolled in the 0.8 mg/kg dose cohort and had a dose reduction to 0.4 mg/kg to manage toxicities during cycle 2. No other responses were observed in the four patients (two cases of gastric cancer and one case each of cholangiocarcinoma and colorectal cancer) with known FGFR2 amplifications. Most patients discontinued treatment because of disease progression.

Conclusion {#Sec17}
==========

The ADC aprutumab ixadotin was found to be poorly tolerated in this phase I first-in-human trial, with an MTD of 0.2 mg/kg, which is below the estimated minimum therapeutic dose predicted in preclinical studies. The safety profile of this ADC in humans also differed markedly from that observed in animal models, with a high rate of proteinuria and nephropathy. These results underline the need to develop new methods to predict the effects of investigational ADCs and their metabolites in humans during preclinical development.

Electronic supplementary material
=================================

 {#Sec18}
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